Abstract Two-dimensional lattice particle models have been used to simulate dynamic thrust faulting and its effects on near-fault ground motions. The lattice particle modeling approach has been demonstrated as an efficient way to model the dynamic rupture phenomena observed from a foam rubber experiment on dipping faults. We constructed a 42Њ dipping fault model to simulate near-fault ground motions under different site conditions in which different combinations of fault geometry (blind fault underlying a sedimentary layer and outcropping thrust models) and near-surface sedimentary layers were investigated. In particular, dynamic behaviors between a blind fault with an overlying sedimentary layer and an outcropping fault without a sedimentary layer were compared. In this simulation, a dynamic slip pulse accompanied by fault separation was initiated at the deepest part of the fault and propagated updip along the fault under a subshear rupture velocity. A strong asymmetrical ground-motion pattern on the hanging wall and footwall, caused by nearsource rupture effects, was observed. Rupture directivity played an important role in determining the size and distribution of peak ground velocities and accelerations on the hanging wall and footwall. In the case of an outcropping thrust without a sedimentary layer, the hanging wall underwent a stronger ground motion, caused by the near-surface breakout phase, as the rupture reached the free surface. In the case of a blind thrust overlying a sedimentary layer, the peak ground particle velocity and acceleration could be much larger on the footwall. This is a result of the amplification effect of trapped long-period seismic energy in the sedimentary layer. The seismic energy emitted from the rupture-stopping phase was incident to the sedimentary layer and radiated under the rupture directivity effect. The radiated long-period seismic energy was trapped in the sedimentary layer, propagating away from the fault trace toward the footwall side. The numerical results show that, for an initial slip of 5 to 5.5 m, the horizontal peak ground velocity and acceleration could reach about 1.5 m/sec and 2g, respectively, on the footwall for a blind thrust with a sedimentary layer. With the same initial slip level, the peak ground velocity and acceleration were about 1. 1 m/sec and 1.5g, respectively, on the hanging wall for an outcropping thrust without a sedimentary layer. These results can partially explain the field observations of precarious rock distributions and overturned transformers in the vicinity of the White Wolf Fault during the 1952 M s 7.6 Kern County earthquake. Furthermore, the current simulation can be used for near-fault strong-motion prediction for large thrust faults in the Los Angeles Basin or similar tectonic settings around the world.
Introduction
As a complement to an earlier work (Brune et al., 2004) , in this study, we carried out thrust earthquake modeling by a 2D lattice particle approach. Four types of thrust models reflecting real geologic conditions were considered in this study. We demonstrated that dynamic rupture processes (e.g., radiation pattern and rupture directivity and stopping phases) play an important role in near-fault ground motions. motions are extremely asymmetrical on the hanging wall and footwall, both for outcropping and blind fault segments (Brune et al., 2004) . Ground motions constrained by field investigations of precariously balanced rocks around the White Wolf Fault could provide important additional insight into expected ground motions of anticipated large thrust earthquakes in the Los Angeles basin and in other parts of the world.
Motivated by the White Wolf field investigations, we constructed scenario earthquake thrust fault models using the lattice particle approach (Mora and Place, 1994; Shi et al., 1998 Shi et al., , 2003 to simulate dynamic thrusting rupture behavior with associated near-fault strong ground motions. Previous studies with foam rubber experiments (Brune, 1996) , lattice particle modeling (Shi et al., 1998) , finite element modeling (Oglesby et al., 1998) , and analytical solutions (Madariaga, 2003) , along with field investigation from several large thrust fault earthquakes (Allen et al., 1998) have shown extreme ground motions on the near-fault hanging wall when the thrust fault breaks the free surface. Results from these studies have also clearly shown that rupture directivity and breakdown of symmetry with respect to the free surface in the dipping thrust fault play important roles in strong hanging-wall motion (Oglesby et al., 1998; Shi et al., 1998) .
Previous studies have largely neglected an entire class of fault: the so-called blind thrust faults. Geological investigations have indicated that these faults do not extend all the way to the surface; they shorten in the near surface and are accompanied by folding rather than by fault slip (Suppe et al., 1992; Shaw and Suppe, 1994; Schneider et al., 1996) . Oglesby et al. (2000) tested 2D dynamic models of blind thrust and normal faults and compared them to surfacerupturing thrust and normal faults, but their models did not deal with any sort of low-velocity layer near the surface. In addition, the absence of instrumental seismic data from blind thrust faulting creates a gap both in our understanding of the thrusting rupture process and in our ability to estimate nearfault strong ground motion from large thrust fault earthquakes.
Lattice particle methods, which are similar to the distinct finite-element method, have been successfully used to model seismic-wave propagation (Toomey and Bean, 2000; O'Brien and Bean, 2004) , tectonic process (Saltzer and Pollard, 1992) , strike-slip faulting Place, 1994, 1998) , and fracture mechanics (Toomey and Bean, 2002) . Recent dynamic simulations of earthquake faulting using 2D lattice particle modeling have extended results to more complicated cases, including the modeling of thrust and normal fault earthquakes, earthquakes with material discontinuities across the fault, earthquakes that include geometrical effects of the fault model, and earthquakes that include the tectonic conditions of loadings (Shi et al., 1998 (Shi et al., , 2003 .
This article describes a 2D lattice particle approach to modeling dynamic thrust faulting in which we can include a rough fault interface. Four types of thrust fault models were used in these simulations. We focused on the rupture dynamics associated with strong ground motion in the presence of soft sedimentary layers on the hanging wall as well as on the footwall.
Results show that rupture directivity, for a blind thrust fault overlain by a soft sedimentary layer on the hanging wall and footwall, has a strong influence on the near-fault ground motion on the footwall side of the fault, consistent with the investigations of precariously balanced rocks around the White Wolf Fault in California (Brune et al., 2004) . As far as we are aware, this effect has not been previously studied, but it may have implications when considering the potential damage on the footwall side of a blind thrust fault overlain by a sedimentary layer, if this phenomenon occurs in the real world.
2D Lattice Particle Model of a 42Њ Dipping Thrust Fault
The lattice particle model is a discrete solid model, behaving like a specific elastic solid. The structure of the model is similar to the crystal structure in which arrays of particles obey a certain geometrical law. We considered the closepacked triangular lattice in which each particle has six nearest neighbors and the rest position between particles is r 0 when the potential energy is at a minimum. Particles interact with each other according to a truncated anharmonic potential (modified Lennard-Jones [L-J] potential) (Mora and Place, 1994; Shi et al., 1998 Shi et al., , 2003 :
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where r 0 is the rest length of the equivalent Hooke's spring, r b is the cutoff distance equal to 1.112r 0 , k is the linear spring constant, related to Lame's constant, in which l ‫ס‬ 3/4k Ί with a Poisson's ratio of 0.25 (Hoover et al., 1974) , and e ‫ס‬ r 0 2 k/36. The corresponding interacting force is obtained by differentiating the potential with respect to r (the distance between the two particles considered). More precisely, the force f ij acting on the ith particle due to the interaction with the jth one is
where r i denotes the ith particle position, |•| represents the modulus operator F ij (r ‫ס‬ r 0 ) ‫ס‬ 0 and k ij ‫ס‬ ‫מ‬dF ij /dr|r 0 Ͼ 0 so as to ensure stability. At the break point, r b ‫ס‬ 1.112r 0 and beyond, the value of the force function drops to zero, which means that, as the mutual distance |r i ‫מ‬ r j | becomes larger than some threshold r b , the interaction strength is irreversibly set equal to 0.
The equation of motion for the lattice particle model has been described in previous articles (Shi et al., 1998 (Shi et al., , 2003 as
where g is the acceleration of gravity, m i is the mass of particle i, r i is the spatial position of particle i, and is
the sum of the interaction forces from particles bonded to i. is an external force applied to the model. is a
viscous force used to damp reflected waves from the boundary of the model. Recent studies (Mora and Place, 1994; Shi et al., 1998 Shi et al., , 2003 have shown that the 2D triangular lattice particle model under the modified L-J potential displays elasticbrittle behavior and is, therefore, considered to represent a material well suited for quantitative investigations.
A 2D lattice particle model with a planar thrust fault (macroscopic view) and a fractal distribution of roughness along the fault was used in this study. The major purpose of adding roughness inside the fault is to provide a friction process between the hanging wall and footwall. The details of how to add roughness on the fault have been discussed by Mora and Place (1994) and Shi et al. (1998) . The basic ideas and method presented here are not limited to this specific model and can be generalized to study seismic zones with arbitrary fault geometry and plate tectonic boundaries.
For the numerical implementation of the model, a finite difference modified velocity Verlet algorithm (Allen and Tildesley, 1987) was used, so that the new positions of the particles were calculated right after all the interactions had taken place.
The geometry of the thrust fault model is shown in Figure 1 . The model consists of two blocks that correspond to the hanging wall and the footwall of the fault. Inside each block, particles are connected with elastic springs. The weak fault is formed with roughness added to each particle on both sides of the fault. Fault resistance to slip is simulated by the rough particles colliding with each other. Thrust faulting results from the applied model boundary conditions. The left and right boundaries of the fault model are rigidly displaced toward the fault by steady motion with speed V (where V K V particle , and V particle is dynamic particle velocity) so that the fault model is under compression in the horizontal direction. The bottom boundary of the footwall is fixed in the vertical direction, so there is no particle motion in the vertical direction. At the bottom of the hanging wall, only upward particle motion is allowed. Figure 1 shows the schematic configuration of the thrust fault models in terms of bonds and particles. Four types of fault models, A, B, C, and D, are involved in this study. In model A, the fault breaks to the free surface (outcropping case) without an overlying sedimentary layer on the hanging wall or footwall. In model B, a soft sedimentary layer overlies the fault hanging wall and footwall, and the thrusting stops below or inside the sedimentary layer (blind fault). In model C, a soft sedimentary layer overlies the fault hanging wall and footwall, but the thrusting or rupture penetrates the sedimentary layer and breaks the free surface. In model D, the soft sedimentary layer overlies the footwall only, and the thrusting extends to the free surface. For each type of model, lattice spacing is 10 m and comprises about 2 ‫ן‬ 10 6 particles, so that the fault model dimensions for the four models are 20 km ‫ן‬ 7 km, regardless of the differences in fault geometry and material properties. The shear velocities are 3000 m/sec and 1500 m/sec, respectively, for the bedrock and sedimentary layer. The thickness of the sediment layer is about 1200 m.
Simulation Results

Stick-Slip Motion
Initially, when the driving force was applied at the left and right boundaries of the fault hanging wall and footwall ( Fig. 1) , the stress built up steadily along the fault, and a stable deformation occurred inside the two blocks while the fault surfaces were stuck together. When the shear stress along the fault exceeded the local threshold value (the bonding strength between the two sides of the fault), a transition from stable deformation to stick-slip occurred, and the local particle connection between the two sides of the fault was broken abruptly. As a result, other bonding springs connecting the particles between the two sides of the fault sometimes snapped, forming a macroscopic rupture propagating along the fault. The particles inside the rupture zone underwent a local dynamic stress drop, with finite displacements in the slip and normal directions. If the particles between the two sides of the fault encountered a particularly strong connection, the local rupture was arrested. In general, ruptures initiated at the deepest part of the fault and propagated toward the free surface at a speed less than shear-wave velocity (Fig. 2) . The particle motion along the fault surface exhibited a generic stick-slip motion accompanied by a localized normal motion with a fault opening mode (Brune, 1996; Shi et al., 1998) . The slip and normal displacements were similar to a ramp and pulse function, respectively, with a short rise time (Heaton, 1990) . The calculated local rupture length was about 250 m to 300 m, much less that the total length of the fault, and this kind of pulse does not extend to the whole rupture. Our numerical solution clearly showed a short slippulse length with abrupt local and partial stress-drop behavior (Brune, 1970 (Brune, , 1976 Heaton, 1990; Shi et al., 1998) . The rupture process was associated with a clear abrupt locking, self-healing fault opening and closing pulse.
A space-time plot of the particle slip propagation and variation for fault model A (outcropping without sedimentary layer) along the upper 3 km of the fault hanging wall is shown in Figure 2 . Arrowed lines with slopes equal to P-, S-, and Rayleigh-wave velocities are shown for reference. The rupture velocity is limited by the Rayleigh velocity when the rupture propagates and approaches the free surface. Near the free surface, slip displacement increases greatly, reaching about 7 m, because of (1) the free surface effect Figure 1 . A schematic configuration of the lattice particle model of a thrust fault.
The boundary between the hanging wall and the footwall is defined as B, the intersection of the fault plane and the free surface for the outcropping case, and BЈ, the projection of the fault trace on the free surface for the blind fault case. Four fault models have been constructed in this study: (1) outcropping thrust fault without a sedimentary layer, (2) blind thrust fault with an overlying sedimentary layer on the hanging wall and footwall, (3) outcropping thrust fault with an overlying sedimentary layer on the hanging wall and footwall, and (4) outcropping thrust fault with an overlying sedimentary layer on the footwall only. The particles represented by the circles are bonded with each other through a specific interaction potential. The fault surface between the hanging wall block and footwall block is made relatively rough by adding some topography to the fault surface. The rough topography has a fractal property. Therefore, the particles between the hanging wall and footwall sides have weaker bonds than the particles within each block. In the initial particle configuration on the fault surface, the voids (or gaps) along the fault indicate that the particles occupying these locations have no interactions with other particles surrounding thorn owing to the initial roughness effect applied along the fault. (Oglesby et al., 1998) , (2) the fault opening related to the shear and normal stress reduction (Brune, 1996) , and (3) the trapped kinetic seismic energy at the tip of the fault hanging wall (Shi et al., 1998) . A large vibration near the tip of the hanging wall was also observed in a recent foam rubber experiment (Brune, 1996) and numerical simulation (Shi et al., 1998) . In this study, the average final slip distribution along the fault is about 5.5 m, corresponding to a seismic moment magnitude of M w 7.6 derived from the empirical relation log(D ) ‫ס‬ a ‫ם‬ b ‫ן‬ M w (Wells and Coppersmith, 1994) , where D is the fault final slip, and a and b are constants with respective values of ‫64.5מ‬ and 0.82. Figure 3 shows the kinetic energy (proportional to velocity squared) propagation pattern from thrust fault models A, B, C, and D. In each column, five frames show the energy radiation pattern related to the rupture process. The rupture propagates similarly for models A, B, C, and D in the deep part of the fault (frame a) and generates a similar final slip distribution corresponding to a seismic moment of 2.82 ‫ן‬ 10 27 dyne cm. This is because the rupture process is mainly controlled by the significant dynamic change in shear stress, and the near-surface effect is quite small and does not affect the rupture. Frames b, c, d, and e in Figure 3 show the seismic energy distributions around the fault as the ruptures approach or reach the free surface with and without a sedimentary layer. The asymmetrical particle motion patterns imply that the dynamic process near the free surface is more complicated than commonly assumed from kinematic dislocation modeling. In model A, the kinetic energy is contained in the hanging wall block, shown in frames b and c in Figure 3 , when the rupture reaches the free surface, and propagates away from the tip of the fault on the hanging wall (frames d and e in Fig. 3 ). Therefore, a stronger shaking on the hanging wall side of the fault than on the footwall side is expected because of the multiple reflecting stress waves trapped in the wedge-shaped hanging wall of the fault (Brune, 1996; Shi et al., 1998) . In model B, when the rupture reaches the bottom of the sedimentary layer, the seismic energy carried from the rupture front (stopping phase) goes through the sedimentary layer toward the footwall side of the fault, because of the directivity effect. The trapped seismic energy in the sedimentary layer propagates away from the tip of the fault on the footwall side. In other words the sediment acts as a waveguide. Resultant large near-fault particle motion on the footwall is expected because of the further site amplification caused by the thin soft sedimentary layer. In model C, the seismic radiation pattern is more complicated than that in model A because the trapped seismic energy in the sedimentary layer also affects the rupture process. The trapped seismic energy propagates away from the tip of the fault, traveling both on the hanging wall and the footwall. In this case, because rupture extends to the fault outcrop, the hanging wall breaks away from the footwall, causing a large opening vibration of the hanging wall; this phenomenon is similar to the result in model A. Conse- Figure 3 . Snapshots of the particle velocities in a cross section perpendicular to the fault trace for thrust fault models A, B, C, and D. Columns 1-4 represent fault models A, B, C, and D, respectively. Frames a-e show the kinetic energy radiation patterns related to the rupture process. The resultant radiated energies shown in these frames have been normalized to the maximum kinetic energy derived from the dynamic rupture.
Rupture Propagation
quently, the near-fault ground motion is further amplified by the soft sedimentary layer. In model D, although the fault extends to the free surface, the resultant rupture pulse dies gradually in the updip direction when the rupture propagates toward the free surface along the fault, because there is a material contrast between the hanging wall and the foot wall. In other words, the rupture process strongly depends on the most favorable direction of slip motion in the more compliant medium when a material contrast occurs (Weertman, 1980; Andrews and Ben-Zion, 1997) . Therefore, the inconsistency between the rupture direction (updip direction) and the slip direction (downdip direction) of the complaint medium (soft sedimentary layer on the footwall) decelerates the pulse-shaped rupture process during updip rupture propagation. Compared with models B and C, the resultant nearfault ground motion is much smaller in model D.
Near-Fault Particle Motions on the Free Surface Figure 4 shows the particle velocity profiles on the hanging wall and on the footwall for thrust models A, B, C, and D (shown in Fig. 1) . In model A (Fig. 4, column 1) , in which the fault breaks the free surface without a sedimentary layer, the largest velocity pulse corresponds to the particle velocity at the tip of the hanging wall when the rupture reaches the free surface (breakout phase). The breakout phase, along with the P-, S-, and Rayleigh-wave phases, are in general agreement with the analytical solution, as discussed by Madariaga (2003) . The Rayleigh wave converted from the hanging wall breakout phase travels away from the fault trace along the free surface without spreading (Madariaga, 2003) . This generalized surface wave dominates the near-field particle motion. In model B (Fig. 4, column 2) , in which the thrust fault is buried below the sedimentary layer on the hanging wall and footwall, the rupture is arrested below or inside the sedimentary layer. The radiated energy from the stopping phase is incident to the sedimentary layer, and is trapped inside the layer, traveling away from the fault trace along the free surface on the footwall side. Note that large particle velocity amplitudes, both in horizontal and vertical directions, can occur on the footwall side because of the forward (updip) rupture direction. In model C (Fig. 4,  column 3) , in which the fault goes through the sedimentary layer and breaks the free surface, the particle velocity fields, both on the hanging wall and the footwall, are further am- plified by trapped surface-wave energy inside the layer, and they have a longer time duration, compared to model A. In model D (Fig. 4, column 4) , in which the thrust fault breaks the free surface and a sedimentary layer overlies only the footwall side of the fault, the particle velocity fields, both on the hanging wall and the footwall, are quite different. The particle velocities on both walls are relatively weak compared with the other three thrust fault models, because of the earlier arrest of rupture caused by near-surface material contrast on the two sides of the fault. The particle motion on the footwall side, with the trapped surface-wave energy, lasts longer compared with the results from model A. In fact, this kind of waveguide effect caused by a sedimentary layer can be modeled with current dislocation theory if we define the rupture model exactly (e.g., a crack-like rupture or pulselike rupture).
The horizontal peak particle velocities and accelerations for fault models A, B, C, and D along the free surface are displayed in Figure 5 . In all cases, the thrust faulting produces strong asymmetrical ground motion across the fault trace on the hanging wall and footwall. Near the fault trace, the ground motions are much higher on the hanging wall than on the footwall in fault models A and C, and there is a large discontinuity in particle displacement, velocity, and acceleration from the hanging wall to the footwall. In model B, the peak ground motions, both in terms of horizontal velocity and acceleration, are continuous from the hanging wall to footwall under the fault model definition shown in Figure 1 . In this case, the ground motions both on the hanging wall and footwall (peak horizontal velocity and acceleration) are usually larger compared with model A. In model D, the largest peak ground motions, both in terms of velocity and acceleration, occur on the footwall side. The unusually high peak particle velocity (ϳ2.4 m/sec) and acceleration (ϳ3.0g) near the fault trace on the hanging wall in model C is related to the particle motion patterns, in which the bonds of some particles with their neighbors are broken, causing connections between the main blocks of the hanging wall and footwall to be lost; therefore, these particles could move freely under gravity force. The complicated rupture process involved in these models plays an important role in affecting near-fault particle motions.
Conclusions
Using a 2D lattice particle approach, four types of thrust fault models were adopted to simulate thrusting dynamic rupture with associated near-fault ground motion. Our re-Figure 5. Horizontal peak particle velocity and acceleration distributions along the free surface for the four thrust fault models. The zero point along the horizontal axis corresponds to the fault trace on the free surface (outcropping fault) or the projection of the fault trace to the free surface (blind fault). The negative and positive parts of the horizontal axis correspond to the hanging wall and the footwall, respectively. sults suggest that geometrical differences and material dissimilarity in the upper part of the thrust faults (exposed with or without a sedimentary layer, and buried inside the sedimentary layer) can significantly affect the thrust-faulting dynamics, mainly because of differences in the assumed fault properties. The near-fault ground-motion patterns exhibited in these models are, in general, consistent with field observations of precariously balanced rocks and overturned transformers in the vicinity of the White Wolf Fault from the 1952 Kern County earthquake (Brune et al., 2004) in which some parts of fault segments are buried under a sedimentary layer both on the hanging wall and footwall, and other fault segments are exposed at the free surface, with or without a sedimentary layer. The dynamic features in the present numerical simulations differ greatly from those assumed in traditional dislocation models. In fact, if these features occur in the real Earth, they can provide us insight into the dynamic rupture process of thrust faulting, as well as provide useful information on ground-motion constraints from large thrust faults such as might occur in the Los Angeles basin, the New Madrid seismic zone, and other parts of the world. In addition, the rupture phenomen a that we have derived from this study can also be useful for improving earthquake source model descriptions used in dislocation models.
